SUMMARY: There is a significant (p<0.01) negative correlation between cod recruitment (age 1 year) and the numbers of young fish taken in the Continuous Plankton Recorder (CPR) Survey in the North Sea. This correlation is analysed with reference to hydrographic, climatic and biological variables in order to determine whether it results from opposite responses to physical forcing, trophic relationships or a combination of these. The results of correlation analyses are consistent with cod recruitment being determined mainly during the planktonic phase of development in the preceding year. Multiple regressions indicate that a combination of the North Atlantic Oscillation index in the preceding year and the abundance of CPR young fish is the pair of variables that provide the best fit to the data. The abundance of CPR young fish is best predicted by the Gulf Stream North Wall Index and the abundance of phytoplankton in the spring of the previous year. Opposite responses to climatic forcing and the regional environmental consequences are identified as of primary importance but interactions, possibly both predation and competition, occur between the planktonic stages of cod and both the planktonic stages of fish and the stocks from which they were derived.
INTRODUCTION
Cod, Gadus morhua, in the North Sea are near to the southern limits of the distribution of the species in the eastern Atlantic area. Historically, strong year classes have been associated with lower than average temperatures, exceptions occurring when spawning stocks were low. High temperatures and low recruitment have been observed since 1988 except in 1996, which was unusually cold for this period (O' Brien et al., 2000) . Rodionov (1995) proposed that fluctuations in cod recruitment across the Atlantic were coherent due to atmospheric teleconnections, implicating basin wide climatic processes rather than local physical or biological variables.
Knowledge of factors influencing recruitment is necessary to predict future fish stocks from data on existing stocks. Horwood et al. (2000) show that the main source of regulation of fish stocks is in the planktonic phase and that this is where research is needed. Svendsen et al. (1995) found that >70% of variability in recruitment in several fish stocks in the North Sea can be accounted for by climate or weather before or during the larval stages.
A variety of mechanisms have been proposed to explain variations in egg production and larval and juvenile survival and hence recruitment to the spawning and commercially exploited stock. Cushing SCI. MAR., SCIENTIA MARINA
FISH STOCK ASSESSMENTS AND PREDICTIONS: INTEGRATING RELEVANT KNOWLEDGE.
Ø. ULLTANG and G. BLOM (eds.) Inverse relationship between cod recruitment in the North Sea and young fish in the continuous plankton recorder survey* (1969) proposed the "match-mismatch" hypothesis, suggesting that timing of larval production was matched with the seasonal production of plankton as potential food. Calanus finmarchicus, as the dominant filter feeding copepod in the spring in the central and northern North Sea, was thought to be of particular importance, but Brander (1992) showed that there were trends in C. finmarchicus which did not correlate with cod recruitment. However, Rothschild (1998) showed that the smaller copepods identified collectively in the CPR survey as Para-Pseudocalanus should also be taken into account. He concluded that a large year class of either Calanus or Para-Pseudocalanus was required for a large year class of cod, but did not guarantee it. Brander and Hurley (1991) and Brander (1994) examined variations in the timing of cod spawning and concluded that the match-mismatch hypothesis could not be rejected although the evidence was weak.
In analyses of relationships between fisheries statistics and the results of the Continuous Plankton Recorder (CPR) survey (Reid et al., 2000) , a significant negative correlation was found between cod recruitment and the abundance of larval and juvenile fish in the CPR survey. The most abundant young fish in CPR samples from the North Sea are Clupeidae and Ammodytidae (Bainbridge and Cooper, 1971; Coombs, 1980) . In the southern North Sea the clupeids occur mainly between June and August and are mostly sprat, Sprattus sprattus, but herring, Clupea harengus, are dominant further north and mostly occur between July and September (Bainbridge et al., 1974; Coombs, 1980) . According to Hart (1974) the Ammodytidae taken in CPR samples in the North Sea are mainly Ammodytes marinus. The larvae are most abundant between February and May in coastal waters and the Southern Bight, with few occurring in the central and eastern areas of the northern North Sea (Coombs, 1980) . Cod larvae are rare in CPR samples but post-larvae are found in the North Sea from February to August with a peak in April (Coombs, 1980) . The negative correlation could be a result of contrasting responses to climatic influences and their effects on the physical environment or an indication of the effects of predation or competition for food resources.
By using the long-term data of the Continuous Plankton Recorder (CPR) survey in conjunction with the data from the ICES Advisory Committee on Fishery Management we seek to identify some of the environmental factors influencing recruitment of cod and the numbers of fish larvae and early postlarvae in the CPR survey. The objective is to consider whether the data support inverse responses to climatic variation or trophic interaction as the most likely cause of the inverse correlation between cod recruitment and the abundance of CPR young fish. This provides a contribution to determining which variables should be taken into account to predict cod recruitment and thus future stock size.
METHODS
Cod recruitment data and other fisheries statistics were taken from the GLOBEC database, available on the Internet at http://www.ices.dk/globec/, updated and amended from Anon. (1999) . These data are not confined to the North Sea (ICES area IV) in all cases as the assessed stocks species may extend to adjacent areas such as the Skagerrak or Eastern English Channel. The fish data used here include spawning biomass of plaice, sole, saithe, cod, haddock, whiting, Norway pout, sandeel, herring and mackerel as well as cod recruitment.
The CPR survey has been described by Warner and Hays (1994) . The CPRs are towed by ships of opportunity on standard routes at a constant depth of about 7 m (Hays and Warner, 1993) . Phytoplankton colour, a coarse visual assessment of chlorophyll (Hays and Lindley, 1994) , is assessed as the band of filtering gauze on which the plankton is caught is cut into individual samples (Rae, 1952; Robinson and Hiby, 1978) . These samples, each representing the plankton retained from approximately 3m 3 of water sampled over 10 nautical miles (approximately 18km) of tow, are analysed including counting the total numbers of fish. The fish are mostly larvae and young juveniles and are described subsequently in the paper as CPR young fish. Sampling started in the North Sea in 1931 and a continuous time series is available from 1948 with zooplankton analyses using constant methods (Rae, 1952; Colebrook, 1960) . Young fish have been identified to species as a specialist task, not part of the routine analysis of CPR samples, from 1932 to 1939 and 1946 to1978.
The interannual variations in cod recruitment (age 1 year) and abundance of CPR young fish were analysed in relation to physical parameters, climatic indices, fish biomass and results from the CPR survey. The CPR data used were annual mean phytoplankton colour, annual zooplankton biomass (calculated as described by Reid et al., 2000) , the timing of zooplankton (calculated according to Colebrook and Robinson, 1965) and each of these values calculated for January to July only. The timing of phytoplankton colour between January and July gives an estimate of the timing of the spring bloom (Colebrook and Robinson, 1965) . The physical data used in the analyses -seasonal and annual mean sea surface temperatures and annual mean salinity of the North Sea-were provided by ICES. Temperature difference, a parameter to assess stratification by measuring the rate of increase of temperature during early summer (Craig, 1960) , was calculated. This parameter is highly correlated with the timing of the spring bloom of phytoplankton (Robinson, 1970) . Two climatic indices were examined, the Gulf Stream North Wall Index (GSI) described by Taylor (1995) , data for which are available from http://www.pml.ac.uk/gulfstream/, and the North Atlantic Oscillation Index as defined by Hurrell (1995) , with data from http://www.cgd.ucar.edu/ cas/climind/nao winter.html (now available on http://www.cgd.ucar.edu/~jhurrell/nao.html).
In many of the data sets examined here there is autocorrelation due to strong persistence from one year to the next, systematic patterns of environmental change or a combination of these. The correlations between each of the data sets used in analyses and the same data lagged by 1 to 10 years were calculated. Where significant autocorrelation was detected, the data were analysed to determine whether there were linear trends.
Product moment correlation coefficients were calculated between pairs of variables. Significance of values was derived for each value from statistical tables and then assessed using the Bonferroni correction for multiple comparisons (Miller, 1981) . The correction, which was applied separately to each of the sets of correlation analysis described here, consists of adjusting the alpha values according to the number of comparisons. The correction was applied without taking into account the interdependence of some of the variables and consequently the real level of significance will fall between the unadjusted and adjusted values. Where significant correlations were found between variables of which at least one demonstrated a significant long-term linear trend, the correlation coefficients were recalculated, using the deviations from the trend line in place of the original data, to identify residual correlation.
Multiple regression equations were fitted to the data for cod recruitment and CPR young fish using the variables selected on the basis of the previous analyses. Each combination of two or more variables was used and the best fits to the actual data were identified.
RESULTS
The results of the analysis of autocorrelations are shown in Table 1 . There was no autocorrelation evident in the cod recruitment but the CPR young fish showed significant correlations for lags of 1 to 6 years. The phytoplankton colour index was strongly autocorrelated but the zooplankton was not. Spawning stock biomass figures were all strongly autocorrelated, with the exception of the sandeels, and in the case of Norway pout the autocorrelation was only significant for the data set correlated with itself lagged by 1 year.
Correlations between CPR young fish data from the North Sea and spawning stock biomasses of commercial fish are listed in Table 2 . There are significant positive correlations with herring and sole but negative correlations with most gadoids. It should be noted that although there is a weak positive correlation with mackerel using the data up to 1984, if arbitrary values of 0 tonnes or 10000 tonnes are used for missing values in later years for the depleted North Sea spawning stock then the correlation becomes significantly negative.
Year to year variations in cod recruitment in the North Sea and adjacent areas and the numbers of young fish in the CPR are shown in Figure 1a and b and the plot of these two variables against each other is shown in Figure 1c . The linear long term trends are in opposite directions and the five-year running means show an increase in cod recruitment and a decline in CPR young fish through the 1970s and a reversal of these trends through the 1980s. The correlations between cod recruitment and CPR young fish and between each of these and the other in the previous two years before and after removal of the long-term trend from the CPR young fish data are shown in Table 3 . Cod recruitment is uncorrelated with CPR fish from the previous year. In contrast, the negative correlation between cod recruitment and CPR young fish two years previously is as strong as that with CPR young fish in the same year and remained significant after removal of the trend. There is a significant negative correlation between CPR young fish and cod recruitment one year previously, but it is weaker than for the current year and not significant after removal of the trend and adjust-ment for multiple comparisons, and there is no relationship with cod recruitment two years previously.
The analysis of relationships between the interannual variations in cod recruitment and CPR young fish and physical environmental variables for the current year and one and two years previously are shown in Table 4 . In each case the most significant relationships were with spring and annual mean TABLE 1. -Autocorrelation in datasets included in the analyses in this paper. Cod Rec = cod recruitent, CPR fish = young fish in the CPR survey, P = phytoplankton colour index (annual), P j = phytoplankton colour index (January to July), Z =zooplankton biomass (annual), Z j = zooplankton biomass (January to July), T P = timing of phytoplankton biomass (annual), T Pj = timing of phytoplankton biomass (January to July), T z = timing of zooplankton biomass (annual), T zj = timing of zooplankton biomass (January to July), N. Pout = Norway pout, T (°C) = Temperature (annual), Sp T (°C) = Spring temperature, Su T (°C) = Summer Temperature, Au T (°C) = autumn temperature, Wi T (°C) = winter temperature, TD = Temperature difference, GSI = Gulf Stream North Wall Index, NAO = North Atlantic Anomaly. temperatures for the previous year, negative in the case of cod recruitment and positive in the case of CPR young fish. The analysis in relation to colour and zooplankton biomass from the CPR survey is presented in Table 5 . Cod recruitment was negatively correlated and CPR young fish were positively correlated with annual mean phytoplankton colour and the value for the period January to July for the previous year and, in the case of CPR young fish, for two years previously. Only the correlations with the previous year remained significant after removal of the linear trends. Correlations with timing of phytoplankton in the January to July period were generally weaker, but still significant. There was no linear trend in timing. It should be noted that the higher the value for timing, the later the peak, so the results indicate higher values for cod recruitment with later timing and higher numbers of fish in the CPR with earlier timing. There were correlations significant at the 1% level before removal of linear trends and at the 5% level after removal of trends between CPR young fish and the annual mean and January to July mean zooplankton biomass values for the previous year. These were not significant after adjustment for multiple correlations. Relationships with the NAO and the GSI are given in Table 6 . Cod recruitment was most strongly correlated with the NAO for the previous year, the correlation remaining significant after correction for multiple comparisons and the removal of the linear trend. CPR young fish were most strongly correlated with the GSI two years previously before removal of the long-term trend but after removal of the trend only the correlation between CPR young fish and the GSI in the same year remained significant.
Correlations between cod recruitment and fish spawning stock from two years previously to two years later are listed in Table 7 . Although over the whole period from 1963 cod recruitment does not show a significant linear trend, during the periods from 1974 and 1976 for which data are available for Norway pout and sandeels there is such a trend and adjustments for this are incorporated into the analysis. Correlations with other gadoids were mainly positive, while those with herring were negative. The correlations with sandeels were very variable. Multiple regressions were calculated between the cod recruitment data for each combination of temperature, P j , T pj and the NAO for the previous year and CPR fish for the same year. The correlation between the original data and the results of applying these equations varied between 0.527 and 0.683. The best combinations of 2, 3 and 4 variables and the results for all 5 are given in Table 8a and the coefficients fitted to the variables are listed in Table 8b . The best fit using two variables was that with the NAO and CPR young fish. Inclusion of the timing of the spring bloom in the previous year does not improve the result significantly. Replacing CPR young fish with herring spawning stock biomass for the previous year resulted in worse fits for the combinations of 2 (r = 0.616), 3 (r = 0.655) and 4 (r = 0,680) variables and no improvement with all 5 variables (r = 0.683).
Comparable analyses were carried out relating CPR young fish to the NAO for two years previously, temperature, P j , T pj and the GSI for the previous year and cod recruitment for the same year. The rvalues were all >0.492 and the results for the best combinations of 2, 3, 4, 5 and all 6 variables are listed in Table 8c and 8d. P j and the GSI was the best pair of variables. Including the NAO for two years previously and temperature for the previous year provided little improvement to the fit provided by the best 4 variables.
DISCUSSION
The positive correlation between CPR young fish and the biomass of herring and the positive but not significant relationship with sandeels are consistent with clupeids and ammodytids being the dominant components of the CPR young fish counts and these counts being dependant on the spawning stocks. The negative correlations between CPR young fish and most gadoid spawning stocks are consistent with density dependent predation by gadoids, and comparable with the effects of variability in hake (Merluccius productus) on herring off the west coast of Canada (Ware and McFarlane, 1995) . The results of the multiple regression analyses (Table 8) , with the CPR young fish being one of the variables which provided the best fit to the cod recruitment data, provide added support to the indications that a trophic relationship is involved. Adult cod eat fish including herring, gadoids and sand eels (e.g. Brown and Cheng, 1946; Grosslein et al., 1980) although fish comprise a smaller proportion of cod stomach contents in the North Sea than in some other areas (Páls-son, 1994) . Neither Sysoeva and Degtereva (1965) nor Bainbridge and McKay (1968) recorded fish larvae as a significant component of cod larval diet. The depletion of the North Sea spawning stock of mackerel in recent years may be linked with the recovery in herring and the numbers of fish in the CPR. However the catch in the North Sea of migrants from other mackerel spawning stocks remains high (Anon., 1999) . Clupeidae and Ammodytidae are planktivores (e.g. Hardy, 1924) and would compete for resources with the cod larvae and juveniles. Smaller fish and early stages of others figure in their diets, so these would have some predatory impact on each other and even within species.
The negative correlations between cod recruitment and CPR young fish in the same year and the previous year, the year in which the recruits were COD RECRUITMENT AND PLANKTONIC YOUNG FISH 197 Tables 1 and 2 . Data for variables for one or two years previously are indicated by (y-1) and (y-2). 2 NAO(y-1), CPR fish 0.657*** 3 T(°C)(y-1), P j (y-1), CPR fish 0.670*** 4 T(°C)(y-1), P j (y-1), NAO(y-1), CPR fish 0.683*** All T(°C)(y-1), P j (y-1), T pj (y-1), NAO(y-1), CPR fish 0.683*** (c) n Variables r 2 P j (y-1), GSI(y-1) 0.744*** 3 P j (y-1), T pj (y-1), GSI(y-1), 0.759*** 4 P j (y-1), T pj (y-1), GSI(y-1), Cod rec 0.772*** 5 P j (y-1), T pj (y-1), NAO(y-2), GSI(y-1), Cod rec 0.776*** 6 T(°C)(y-1), P j (y-1), T pj (y-1), NAO(y-2), GSI(y-1), Cod rec 0.778*** spawned (Table 3) , is suggestive of an influence of predation by cod. In the plot of cod recruitment against CPR young fish numbers (Fig. 1c) 1975 and 1984 . This suggests that the effects of any trophic relationship only become evident in the data at the highest and lowest levels. There is no such pattern in Figure 2 , the plot of cod recruitment against numbers of CPR young fish two years earlier. The negative correlation with CPR young fish two years previously may not be a result of trophic relationships but it may be significant that the lag is the same as the two-year lag between NAO and GSI (Taylor and Stephens, 1998) . The NAO is of greater importance than the GSI to cod recruitment and the reverse is true for CPR young fish.
The significant reciprocal relationships of cod recruitment and CPR young fish with temperature in the previous year are consistent with the findings of Svendsen et al. (1995) . They found that the success of spawning and larval development was related to low temperature in the first quarter of the year for cod, high temperature in May for Ammodytidae and strong or persistent southerly winds around March for herring (Svendsen et al., 1995) . In view of the correlation of CPR young fish data with herring spawning stock (Table 2) , the persistence of some correlation with temperature two years previously can be attributed to survival and breeding of the fish from successful year classes into subsequent years.
The importance of success of spawning and larval development in the previous year is also reflected in the relationship of CPR young fish with phytoplankton colour and the timing of the spring bloom in the CPR survey (Table 5 ). The results showing that cod recruitment is inversely related to phytoplankton colour and the lack of any demonstrable relationship with zooplankton biomass is perhaps surprising. However, Svendsen et al. (1995) concluded that cod recruitment in the North Sea was most successful with a combination of low temperature and low Atlantic inflow. Productivity in the North Sea is generally enhanced following high inflow from the Atlantic (e.g. Reid et al., 1993) . Zooplankton biomass in January to July of the preceding year was more significantly correlated with the CPR young fish than was the annual mean. This suggests that the food available to the larvae in the spring may be a contributory factor, but after correcting for multiple comparisons the correlations are not significant so the evidence is inconclusive.
The negative correlation between cod recruitment and the NAO in the previous year, the most significant of those with climatic indices, and the results of the analyses of multiple regressions again supports the significance of larval survival the previous year. The positive relationship between CPR young fish and the GSI over a three-year period can be interpreted as dependence of stocks with generation times of >1 year on climatic influences over a comparable time scale. The fact that after removal of the linear trends only the correlation with the GSI in the current year remained significant supports this interpretation.
At times when the NAO is high, westerly winds are strong and inflow of oceanic water into the North Sea is high. Sea surface temperature and CPR phytoplankton colour in the North Sea have been positively correlated with the NAO over the period studied here. The combination of high temperature and high oceanic inflow is disadvantageous for cod spawning and larval development, so recruitment of one-year-old fish in the following year is low (negative correlations in Tables 4, 5 and 6). These conditions are to the advantage of the fish that contribute substantially to the CPR young fish counts. Conversely, at times of low NAO the situation favours cod spawning. The Gulf Stream Index, with its two year lag behind the NAO (Table 6) , exerts its influence through the weather in spring, which extends through the plankton community for the year, (A.H. Taylor, unpublished) . A two year lag between CPR young fish and cod recruitment (Table 3) and between other variables and CPR young fish is evident in Table 5 , where there is a strong positive rela-tionship with the timing of the spring bloom of phytoplankton two years previously. The fact that the negative correlations between cod recruitment and CPR young fish are stronger than those with any of the environmental variables measured here may be the result of trophic relationships working in the same direction as the physical forcing. The trophic relationships may comprise increased numbers of cod preying on a depleted stock of clupeids and sandeels following low NAOs, or lower numbers of cod feeding on larger clupeid and stocks after high NAOs. Alternatively, when conditions are favourable to clupeids and sandeels, competition with and preying on the planktonic stages of cod would be higher than otherwise. The relative importance of the CPR young fish to cod recruitment in the multiple regressions would support the impact on cod recruitment of competition with and predation on the planktonic stages from the stocks of clupeidae and sandeels.
The form of the five-year running means in Figure 1a and 1b are suggestive of cyclical processes. The two plots are in phase but of opposite form. The time series of other variables analysed here include cyclical patterns and the possibility that similar but independent cyclical patterns, in phase or slightly out of phase, could give rise to artifactual correlations cannot be totally discarded. However, it should be noted that the change in NAO index values between the periods 1963-67 (mean NAO index -2.67) and 1992-1997 (mean NAO index 1.81) is greater than the cyclical fluctuations in the intervening period. Similarly, the overall trends in temperature and the GSI during this period are greater than the cycles within it. Given the increasing weight of evidence that ecological changes are related to the NAO and correlated variables (Reid et al., 1998) , it would seem that the cycles are part of the "signal" of real relationships rather than artifactual "noise", particularly where correlations between residual variations remain after removal of linear trends.
Prediction of cod recruitment and the numbers of fish caught in the CPR survey in the North Sea should therefore start with prediction of the NAO. Taylor and Stephens (1998) have shown that the NAO together with other atmospheric inputs, such as the ENSO, can provide the basis for a prediction of the GSI. The relationship between CPR young fish and the GSI indicates that if that can be predicted then progress can be made towards predicting the numbers of young fish taken in the CPR. Together with the NAO this provides a basis for predicting cod recruitment and hence a contribution to prediction of future stock size. Other factors that would need to be taken into account are the longevity of fish, which provides a substantial degree of persistence from year to year in the numbers in the North Sea, and the effects of exploitation which may dominate after depletion of the stock (Hutchings, 2000) .
